Abstract-One of the issues in antenna arrays is the mutual coupling that occurs when two radiating elements are placed together. Mutual coupling can significantly degrade the performance of an antenna array. In this paper, we propose a triangular lattice configuration as a technique to reduce the mutual coupling in patch antenna arrays. A 4-element circular patch array with a triangular lattice is simulated and compared against a 4-element circular patch array with a square lattice in terms of their mutual coupling and radiation pattern. Comparisons are also made with other mutual coupling reduction techniques for closely packed antennas such as ground structure with slits, ground structures with removed substrates and ground structures with metal wall. The triangular lattice concept is then extended to the 9-element circular patch array. The 4-elements circular patch array with the triangular lattice and square lattice operating at 2.6GHz are then fabricated on FR4 printed circuit board.
I. INTRODUCTION
Over the last decade, there has been a great demand for array antennas in communication systems. Array antennas offer a number of advantages, which include narrow directional beams and the ability to steer the beam electronically [1] . At least two antennas are needed in order to form an array. When two radiating elements are placed together, they will mutually couple with each other. In general, these coupling effects are caused by the free-space radiation and the strong surface-wave excitation by the antenna [2] . The latter cause is more significant for patch antenna arrays as the array gain is reduced when strong mutual coupling occurs. Thus, it is important for these arrays to be properly isolated in order to minimize the coupling effect.
Array decoupling techniques have been well studied [2] [3] [4] [5] . Recently, the mutual coupling effect of a closely packed antenna was shown to decrease by using defected wall structures (DWS) [5] . In this technique, two defected ground plane side walls are placed vertically to the adjacent antennas. This structure electronically isolates and separates the antenna from one another. Another approach to reduce the surfacewave excitation of an antenna array is by using periodic structures such as the electronic band gap (EBG) [2] . In this technique, a gap is created between the antennas by inserting structures such as dielectric rods and holes. Similar to DWS technique, these structures can suppress the surface wave excitations that could defect the antenna gain and cause back radiation [4] . In addition, a better isolation can also be created by etching a pattern onto the ground plane of the array [6] . These etched patterns could provide a filter effect to the array in which the surface-wave can be reduced.
Antenna elements of an array can be placed in a periodic lattice, where the elements are equally spaced. These elements can be arranged in a triangular or a square lattice [7, 8] . The triangular lattice has an advantage over the square lattice as it could delay the existence of grating lobes and allow larger elements to be used in the array [9] . This is due to the large element separation of the triangular lattice compared to a square lattice. On the other hand, this separation could also provide a means of isolation for the antenna in which it could reduce the mutual coupling effects between them [10] .
In this paper, the effect of a triangular lattice array on the mutual coupling of compact periodic antenna arrays is studied and analysed. A triangular lattice array of a 4-element circular patch is modelled and compared with a square lattice array of different isolation methods in terms of its mutual coupling and radiation pattern. This concept is then extended to a 9-element circular patch array. Each antenna structure is modelled in CST Design Suite 2010 in which extensive full-wave analysis is performed. Finally, the square lattice and triangular lattice arrays are fabricated on FR4 board and the measured results verify the concept.
II. DESIGN BACKGROUND
This section is divided into three parts. The first part discusses the geometry of the 4-element circular patch array arranged in square lattice and the second part presents the conventional mutual coupling reduction technique for closely packed antenna arrays; ground structure with slits, removed substrates and metal wall between the patches. The last part of this section presents the geometry of the 4-element circular patch array in a triangular lattice.
A. Planar Array Design
The total radiation pattern of an antenna array depends on its geometrical configuration, relative displacement between elements, amplitude and phase excitations as well as relative pattern of the individual elements [11] . The array factor of a periodic planar array, shown in Fig. 1 , at a far-field point of (ș, Ø) is given by (1) [9] .
In the square lattice array, the circular patch is arranged side by side with a spacing of d x and d y as illustrated in Fig. 2 . Both d x and d y are optimized in order to achieve acceptable mutual coupling. To maintain the square lattice properties, d x is equal to d y .The radiation pattern of the array at a source point of (ș, Ø) is given by (2) [11] . The radiation pattern of the circular patch is represented by EP circ (ș, Ø) . A detail derivation of this parameter is described in [11] . 
where w nm is the excitation weight of the element, N is the number of linear arrays and M is the number of elements in the N th array. 
B. Mutual Coupling Reduction Techniques
As previously mentioned, mutual coupling effects occur due to the strong surface-wave excited by the antenna. One of the ways to reduce this effect is to isolate the waves using additional structures in the array such as ground structures with slits, ground structures with removed substrates and ground structures with metal walls [2] [3] [4] [5] . These structures are illustrated in Fig. 3 . The dimensions of these structures are optimized in order to get the best isolation between the radiating antennas.
C. Proposed triangular lattice to reduce the mutual coupling in an antenna array
In the past, the triangular lattice has been studied in order to delay the occurrence of the grating lobes as it provides wider element separation compared to the square lattice. The array arrangement in the triangular lattice is illustrated in Fig. 4 and the radiation pattern is also calculated using (2) . In order to form a triangular lattice, the elements in the second row (element 3 and element 4) have to be shifted from the original square lattice position. This shifting introduces a larger separation between the antennas in y direction (d y ). However, the separation in 
III. RESULT AND DISCUSSION
The proposed antenna array of Fig. 4 has been investigated through simulation and fabrication. This section is divided into three parts. In the first part, the triangular lattice array is simulated and compared with the conventional mutual coupling reduction techniques which are ground structures with slits, ground structures with removed substrates and ground structures with metal walls. During the comparison, the antenna size and substrate properties are kept the. Secondly, the 4-element circular patch with triangular lattice and the 4-element circular patch with square lattice are fabricated on FR4 board and the mutual couplings are measured and discussed. Lastly, this triangular lattice concept is extended to a larger array, consisting of 9-element circular patch. In this part, the mutual coupling of the 9-element circular patch with triangular lattice is compared with the square lattice. Fig. 5 displays the mutual coupling results of five different structures. The square lattice array shows the highest mutual coupling, followed by a slight reduction with ground structures with slits and ground structures with removed substrates. A 1.69 dB mutual coupling reduction is observed when metal walls are employed in the square lattice array. However, the lowest mutual coupling is obtained in the triangular lattice case, as a 5.69dB reduction is achieved at 2. effect in reducing the mutual coupling in an antenna array compare to the conventional method of embedding additional isolation structure. Fig. 5 Comparison of E-plane mutual coupling using different microstrip antennas structures.
A. Comparison of the 4-element triangular lattice array with other approaches
Another important performance parameter of an antenna array is the radiation pattern. Fig. 6 illustrates the radiation patterns that are generated by these structures. As seen in Fig.  6(b) , the highest gain is achieved with the triangular lattice array, followed by the removed-substrate structure, the square lattice array, the ground structure with metal walls and the ground structure with slits. This is expected as the mutual coupling of the triangular lattice, described previously, is the lowest compared to the other conventional methods.
However, the main beam direction of the triangular lattice is shifted by 1° from boresight, which is most likely due to its asymmetrical configuration. The radiation characteristics are shown in Table 1 . The shifted main beam can be steered to boresight by changing the phase shift excitation of the array elements [9] . Note that even with the shifted main beam, the triangular lattice array has the narrowest main beam and the highest directivity compared to the other structures. The radiation pattern at Ø = 90° (a) polar plot (b) close-up shot at the main beam
B. Measurement of 4-element triangular lattice array and 4-element square lattice array
The performance is additionally verified by experiments. Both the 4-element triangular and 4-element square lattice circular patch array are fabricated on FR4 and their mutual couplings are measured. The fabricated arrays are shown in Fig. 7 and the measurement results are shown in Fig. 8 . As seen in Fig. 8 , at 2.6 GHz, the mutual coupling level, S 1,3 , of the triangular lattice array is -25.139dB, lower than the square lattice, -23.395dB. The discrepancy between the measured and simulated result is mainly due to the fabrication handling process. In general, the triangular lattice demonstrates a better performance in reducing the mutual coupling of a periodic antenna array. 
C. Comparison between 9-element triangular lattice array and 9-element square lattice array
To further investigate the triangular lattice array effect on the mutual coupling of a periodic antenna array, a 9-element circular patch with triangular lattice is simulated and compared with the square lattice array in terms of mutual coupling level and radiation pattern. The illustration of the array is shown in Fig. 9 . Similar to the previous experiment, the antenna size and substrate properties are kept the same in both cases.
Two of the highest mutual couplings from each configuration, S 5,2 and S 6, 3 , are compared in Fig. 10 . It is observed that the triangular lattice achieves lower mutual coupling level for both S 5,2 and S 6,3 as compared with the (a) (b) fr S11 square lattice. At 2.6GHz a reduction of 5.43 dB and 4.45dB are observed for S 5,2 and S 6,3 respectively. The corresponding radiation pattern is plotted in Fig. 11 and their characteristics are tabulated in Table 2 . As seen in the results, the triangular lattice array has a higher gain and directivity, as well as narrower main beam as compared to the square lattice. This is similar to the previous 4-element circular patch result, except that the main beam is not shifted from the boresight. Fig. 9 The 9-element triangular and the 9-element square lattice array Fig. 10 Comparison of E-plane mutual coupling between the 9-element triangular lattice and the 9-element square lattice Fig. 11 The radiation pattern at Ø = 90° (a) polar plot (b) close-up shot at the main beam IV. CONCLUSION This paper demonstrated the effects of the triangular lattice on the mutual coupling between closely-packed antenna elements in a periodic array. The proposed lattice itself is simple and does not require any additional structures to the antenna array. This arrangement provides wider separation that leads to a better isolation between the antenna elements compared to the square lattice. 4-element circular patches arranged in the triangular lattice are analysed and compared with the square lattice array with different isolation methods such as removed substrates, metal walls and ground plane with slits. Also compared are the radiation patterns generated by the arrays. Results from the 4-element circular patch array show that mutual couplings between the elements are reduced but with a cost of shifted main beam from the boresight. The shifted main beam can be adjusted by altering the phase shift excitation of the array elements. This concept is then extended to a 9-element circular patch array and similar results are achieved. From this work, it can be concluded that with a slight increment in the overall array size, the triangular lattice can be an alternative to reduce mutual couplings in the closely packed antenna arrays.
